Abstract Lipoprotein(a) [Lp(a)] is assembled by the binding of apolipoprotein B (apoB) lysine residues on LDL to lysine binding sites in apolipoprotein(a) [apo(a)] and the subsequent formation of a disulphide bond between apoB and apo(a). In this study, we induced changes in apoB conformation by adding phospholipids to LDL and tested the effect of the altered apoB conformation on Lp(a) assembly. The addition of dimyristoylphosphatidylcholine (DMPC) to isolated LDL induced a decrease in the a-helical content of apoB and increased the immunoreactivity of the apoB C terminus toward monoclonal antibodies in the region. These conformational changes were associated with a reduction in the ability of the DMPC-modified LDL to form Lp(a) in in vitro assays. Furthermore, administration of DMPC to Lp(a) transgenic mice lead to a significant but transient decrease in Lp(a) levels (18.6% decrease at 2 h, P , 0.001) which coincided with the association of DMPC with LDL in plasma. Our study shows that changes in apoB conformation in the C-terminal region alter the exposure of sequences required for Lp(a) assembly and reduce the formation of Lp(a) both in vitro and in vivo. We conclude that manipulation of LDL surface phospholipids alters Lp(a) levels. Many large clinical trials have identified high plasma Lp(a) levels as a risk factor for the development of cardiovascular disease (2-4). Plasma Lp(a) levels are largely determined by the rate of production (5), which is dependent upon the level of apo(a) synthesis and the efficiency of assembly into Lp(a) particles. The majority of evidence suggests that Lp(a) is assembled extracellularly after secretion of apo(a) by the liver and production of LDL from VLDL in circulation (6). Factors affecting Lp(a) assembly are of intense interest since the assembly process is a potential target for intervention to reduce Lp(a) levels.
Lipoprotein(a) [Lp(a)] consists of an LDL covalently attached via its surface protein, apolipoprotein B (apoB), to the unique glycoprotein, apolipoprotein(a) [apo(a)] (1). Many large clinical trials have identified high plasma Lp(a) levels as a risk factor for the development of cardiovascular disease (2) (3) (4) . Plasma Lp(a) levels are largely determined by the rate of production (5), which is dependent upon the level of apo(a) synthesis and the efficiency of assembly into Lp(a) particles. The majority of evidence suggests that Lp(a) is assembled extracellularly after secretion of apo(a) by the liver and production of LDL from VLDL in circulation (6) . Factors affecting Lp(a) assembly are of intense interest since the assembly process is a potential target for intervention to reduce Lp(a) levels.
Lp(a) assembly is well recognized as a two-step process involving an initial noncovalent interaction between apo(a) and apoB that is followed by a disulphide linkage between the two proteins (7, 8) . The protein sequences in both apo(a) and apoB that are required for Lp(a) formation have been reasonably well defined. They consist of the KIV type 7 and 8 lysine binding domains in apo(a) (9, 10) that interact with specific apoB lysine residues (11, 12) in the initial step and the two cysteine residues, apo(a) 4057 (7, 13) and apoB4326 (14, 15) , required for the disulphide bond. The correct conformation of both apo(a) and apoB is clearly important to enable these sequences to be presented for efficient Lp(a) assembly. In support of this are studies of apo(a) that have shown a marked reduction in Lp(a) assembly rate with a "closed" versus "open" conformation of the apo(a) protein (16) .
There is a lack of information regarding the effect of apoB conformation on Lp(a) assembly. It is well established that the conformation of apoB on the lipoprotein surface changes as VLDL particles are processed to LDL in vivo and that the changes are particularly apparent in specific domains of the apoB C-terminal region (17) . Interestingly, VLDL forms Lp(a) poorly compared with LDL, indicating that changes in apoB conformation do alter its ability to interact with apo(a) (18) . It is likely that even within the LDL density range, changes in lipid composition, particularly surface lipids, may induce changes in apoB conformation that could alter its ability to form Lp(a). Support for this hypothesis comes from a study of LDL isolated from LCAT-deficient patients that is enriched in surface-free cholesterol that was unable to form Lp(a) with recombinant apo(a) (19) . There is evidence that conformational changes in apoB also occur with modification of LDL phospholipids. Phospholipase A 2 -treated LDL exhibits less immunoreactivity in the apoB C terminus compared with untreated LDL (20) . The effect of conformational changes in apoB induced by the modification of LDL phospholipids on Lp(a) assembly is unknown.
In this study, we investigated the effect of dimyristoylphosphatidylcholine (DMPC) on the conformation of apoB on LDL and the efficiency of Lp(a) assembly both in vitro and in vivo.
MATERIALS AND METHODS

Isolation of human LDL
Human LDL was isolated from the plasma of two healthy, normolipidemic donors with low Lp(a) levels (,10 nmol/l). The lipid levels of the two donors were 3.46 mmol/l cholesterol, 0.96 mmol/l HDL cholesterol, and 0.55 mmol/l triglyceride for donor 1 and 4.18 mmol/l cholesterol, 1.23 mmol/l HDL cholesterol, and 1.17 mmol/l triglyceride for donor 2. The LDL was isolated by ultracentrifugation using a single-step discontinuous gradient as previously described (21) . The isolated LDL [designated LDL1 (from donor 1) and LDL2 (from donor 2)] was stored under argon gas in the dark at 4°C for a maximum of 2 weeks and desalted into PBS just before use. The purity of the LDL samples was analyzed by agarose gel electrophoresis, and a Western blot was performed to detect any Lp(a). A chemical composition analysis was performed on both LDL samples. Cholesterol and triglyceride content were measured using the Roche CHOD-PAP and GPO-PAP reagents, respectively (Roche Diagnostics, Mannheim, Germany), and phospholipids were measured using the Wako phospholipid assay kit (Wako Pure Chemical Industries, Osaka, Japan). The LDL protein concentration was determined by the modified Lowry method (22) . The LDL1 sample was used for the sizing, electrophoretic mobility, immunoreactivity, and Lp(a) assembly studies. Both samples were used for the circular dichroism studies.
Preparation of phospholipid vesicles
Small unilamellar vesicles of DMPC (Avanti Polar Lipid, Alabaster, AL) were prepared using the method described by New (23) with slight modification. The DMPC was suspended in PBS, pH 7.4, and sonicated using a microtip 3 mm probe (Sonics VibraCell, Newtown, CT) at an amplitude of 20 MHz for 20 3 30 s with 30-s breaks in between. The temperature was maintained at 30°C, above the phase transition temperature of DMPC (?24°C). The vesicles were centrifuged at 2,200 rpm for 5 min to pellet titanium originating from the sonicator probe. The DMPC vesicles were extruded through a polycarbonate membrane with a pore size of 30 nm using the Avanti Mini extruder (Avanti Polar Lipid). The concentration of phospholipid was determined using the Wako phospholipid assay kit.
Lipoprotein sizing and gel electrophoresis
The effect of DMPC on LDL particle size was determined by dynamic light scattering analysis using a Malvern Zetasizer (Nano ZS; Malvern Instruments, Worcestershire, UK) after incubation of LDL with 1 mM DMPC vesicles at 25°C. The effect of DMPC on LDL electrophoretic mobility was investigated by incubating LDL (275 mg/ml protein) with 0.5, 1, or 2 mM DMPC vesicles at 37°C for 2 h and subsequent electrophoresis of the samples using the Helena TITAN™ Gel Lipoprotein electrophoresis system (Helena Laboratories, Beaumont, TX). Following electrophoresis, gels were dried and stained with Fat Red 7B stain.
Circular dichroism spectroscopy
The circular dichroism (CD) spectra of both LDL samples in the presence or absence of DMPC were recorded at 37°C on an Olis DSM 10 spectrophotometer (Olis, Bogart, GA) using a 1 mm path length quartz cuvette. Spectra were recorded between the wavelengths of 260 and 190 nm with a 1.0 nm step size and slit bandwidth of 1.5 nm. Signal averaging time was 1 s and ellipticites reported as mean residue ellipticity (u) in degree cm 2 /dmol. Spectra are presented as an average of four separate scans with baseline correction. The LDL samples at a protein concentration of 30 mg/ml were incubated with DMPC (220 mM) in 10 mM sodium phosphate buffer, pH 7.4, at 37°C for 1 h before CD analysis. The percentage of a-helix in apoB-100 was calculated according to Equation 1 of Aggerbeck et al. (24) using the mean residue ellipticity at 222 nm and a mean residue weight of 113.
apoB immunoreactivity
The immunoreactivity of apoB on LDL treated with 1 mM DMPC to multiple human apoB-specific monoclonal antibodies was tested using a modified form of the double sandwich ELISA method described by Sharp et al. (25) .
In this case, the capture antibody was a polyclonal sheep antihuman apoB antisera (1 in 1,000 dilution) from Roche Diagnostics. The immunoreactivity of the following five mouse monoclonal antibodies to increasing amounts of DMPC-treated LDL was tested: 1D1, which binds between apoB amino acids 474 and 539 (26); MB47, which binds near amino acid 3500 (27); 4H11 and 605, which both bind between amino acids 4342 and 4536 (17) ; and Bsol7, which binds between amino acids 4521 and 4536 (26) . All mouse monoclonal antibodies were in the form of ascites and were used at a 1 in 4,000 dilution. The binding of the mouse monoclonal antibodies was detected by incubation with a goat-anti mouse IgG-hrp (Pierce Biochemicals, Rockford, IL) for 1 h and the plates developed. Average absorbances were calculated from triplicate data points. All data were normalized to the average absorbance of the untreated (control) LDL at the highest concentration (275 mg/ml protein) to give a relative average absorbance for the DMPC-treated LDL at the various LDL concentrations. A comparison of the relative absorbances of the DMPC treated versus control LDL at 275 mg/ml was made for each antibody.
Mice
Lp(a) transgenic mice were generated by cross-breeding of human apo(a) transgenic mice (18) with human apoB-100 transgenic mice (28) . All mice were housed in a specific pathogen free animal facility with a 12 h light/dark cycle. The plasma Lp(a) levels of the mice used for these studies ranged between 35 and 65 nmol/l as determined by an Lp(a) ELISA (29) .
In vitro Lp(a) formation assays
The effect of DMPC on Lp(a) assembly was investigated using the Lp(a) formation assay described by Sharp et al. (25) . Plasma (1 ml) from a human apo(a) transgenic mouse was incubated with isolated LDL (275 mg/ml) or plasma (2 ml) from a human apoB transgenic mouse for 3 h at 37°C in the presence of increasing amounts (0-2 mM) of DMPC vesicles. The amount of Lp(a) formed in each incubation was assessed after aliquots were size-fractionated on 4% SDS-PAGE gels under nonreducing conditions, and the separated proteins were transferred to nitrocellulose membrane for Western blotting with the MAb-a-5-hp antibody (29) . Bands were visualized using the ECL detection system (Amersham Pharmacia Biotech, Uppsala, Sweden). The amount of Lp(a) formed in the incubations was quantified by an Lp(a)-specific ELISA, as detailed by Sharp et al. (25) . The percentage of Lp(a) formed in each incubation was calculated relative to the incubation containing no DMPC. The incubations (4 ml) were also subject to agarose gel electrophoresis to investigate the effect of DMPC on plasma lipoproteins.
Administration of DMPC to Lp(a) transgenic mice
Six male Lp(a) transgenic mice (25 g) were injected intravenously with 0.2 mg/g body weight of DMPC vesicles (to give an estimated initial plasma concentration of 4 mM DMPC) in 200 ml PBS via the tail vein. Six control mice were injected with 200 ml PBS only. Blood (50 ml) was collected from the tail vein at 0, 1, 2, 4, and 8 h following injection, and plasma Lp(a) levels were quantified by the Lp(a)-specific ELISA (25) . Plasma (3 ml) from the treated animals was also subject to agarose gel electrophoresis to visualize plasma lipoproteins.
Statistics
For the dynamic light scattering analysis, results are presented as the mean particle size 6 SEM as determined from triplicate runs. In vitro data were analyzed with a two tailed Studentʼs t -test using the statistical program within the Sigmaplot software (version 7.0) to test for a significant difference in mean values between the untreated and DMPC-treated LDL samples. For the in vivo studies, a comparison was made between the mean percentage change values of the DMPC-treated versus untreated animals at the same time point using a two-tailed Studentʼs t -test. Individual P values have only been reported if there was a significant difference.
RESULTS
Characterization of isolated LDL
The two LDL samples used for this study (LDL1 and LDL2) were pure as judged by agarose gel electrophoresis and subsequent Western blot analysis of the isolated LDL showed that the samples were free of Lp(a) (Fig. 4A) . The chemical composition of the LDL samples was 40% cholesterol, 17% triglyceride, 28% phospholipid, and 15% protein for LDL1 and 43% cholesterol, 21% triglyceride, 21% phospholipid, and 15% protein for LDL2.
Effect of DMPC on LDL size and electrophoretic mobility
Addition of 1 mM DMPC vesicles to LDL increased the average particle size significantly from 22.4 6 0.1 nm to 56.2 6 3.9 nm (P , 0.001) as determined by dynamic light scattering (Fig. 1A) . A wider distribution of LDL particles sizes was apparent in the DMPC-treated sample (polydispersity index of 0.251 6 0.003) compared with untreated LDL (0.095 6 0.002, P , 0.0001). Agarose gel electrophoresis of DMPC-treated LDL showed a reduction in the electrophoretic mobility of the LDL with the addition of increasing amounts of DMPC from 0.5 to 2 mM (Fig. 1B) .
Effect of DMPC on apoB-100 secondary structure
The secondary structure of the apoB on both LDL samples before and after treatment with DMPC was examined by CD spectroscopy. Both samples showed spectra typical of proteins with significant a-helical content with minima at 222 nm ( Fig. 2A, B) . The calculated a-helical content of both LDL samples was similar to values previously reported for normal LDL (30, 31) . Addition of DMPC elicited a significant decrease in the a-helical content of both samples from 42.3 6 1.0% to 31.2 6 1.2% (P , 0.001) for LDL1 ( Fig. 2A) and from 55.2 6 1.4% to 42.5 6 0.3% (P , 0.001) for LDL2 (Fig. 2B) .
Effect of DMPC on apoB immunoreactivity
The binding of five different monoclonal antibodies to increasing amounts of LDL treated with 1 mM DMPC was tested in a sandwich ELISA. Both the control untreated LDL and the DMPC-treated LDL showed a similar immunoreactivity to the 1D1 and MB47 antibodies (Fig. 3A, B) . In contrast, the DMPC-treated LDL showed an increased reactivity to the 605, Bsol7, and 4H11 antibodies (Fig. 3C-E) . A comparison of the immunoreactivities at the highest LDL concentration (275 mg/ml) showed a significantly increased reactivity of the DMPC-treated LDL toward the 605, Bsol7, and 4H11 antibodies compared with untreated LDL (P , 0.01, 0.001, and 0.0001, respectively) (Fig. 3F) . The 605 and 4H11 antibodies have epitopes between apoB amino acids 4342 and 4536, while the Bsol7 antibody has an epitope between 4521 and 4536. Fig. 1 . Particle size distribution and electrophoretic mobility of DMPC-treated LDL. A: The particle size of LDL in PBS was determined by dynamic light scattering. The LDL was incubated with DMPC (1 mM) at 25°C for 5 min. The particle size distribution was expressed as the intensity of light scattering as a function of particle size. B: Agarose gel electrophoresis of DMPC-treated LDL. Increasing amounts of DMPC vesicles (0.5 to 2 mM) in PBS were incubated with LDL (275 mg/ml protein) at 37°C for 2 h. Samples were subjected to separation with the Helena TITAN™ lipoprotein electrophoresis system and stained with Fat Red 7B.
In vitro Lp(a) formation with DMPC-treated LDL
We investigated whether the changes in LDL induced by DMPC would affect the ability of the LDL to bind to apo(a) and form Lp(a). An Lp(a) formation assay containing DMPC-treated LDL showed a reduction in Lp(a) formation with increasing amounts of DMPC as assessed by both Western blot analysis to detect Lp(a) (Fig. 4A) and an Lp(a) ELISA that measured the amount of Lp(a) formed in each incubation (Fig. 4B) . The amount of Lp(a) formed was significantly reduced in the presence of 0.5, 1.0, and 2.0 mM DMPC (P , 0.01, 0.001, and 0.0001, respectively). Subsequent agarose gel electrophoresis of the incubations showed a reduced mobility of LDL with increasing amounts of DMPC similar to that seen in Fig. 1B .
In vitro Lp(a) formation with DMPC-treated plasma
To test whether DMPC could inhibit Lp(a) assembly in plasma, increasing concentrations of the DMPC vesicles were incubated with fixed amounts of human apoB and human apo(a) in plasma taken from human apoB and human apo(a) transgenic mice. Western blot analysis of the resulting incubation mixes showed a reduction in Lp(a) formation with increasing concentrations of DMPC (Fig. 5A) as indicated by a gradual decrease in the intensity of the Lp(a) band and a corresponding increase in the intensity of the free apo(a) band. To quantify the inhibitory effect of DMPC on Lp(a) formation, an Lp(a) ELISA was used to measure the amounts of Lp(a) formed in the incubations and an inhibition curve derived from the data (Fig. 5B ). An IC 50 value for DMPC of 500 mM was determined from the inhibition curve. Agarose gel electrophoresis of incubations containing DMPC to visualize plasma lipoproteins showed a reduction in the electrophoretic mobility of LDL and HDL (data not shown).
In vivo Lp(a) lowering effect
Based on the inhibitory effect of DMPC on Lp(a) formation in vitro, we tested whether DMPC could lower Lp(a) levels in vivo. Intravenous injection of DMPC vesicles in PBS (0.2 mg/g body weight) to Lp(a) transgenic mice ( Fig. 6A) resulted in a significant decrease of plasma Lp(a) levels at 1 and 2 h compared with the PBS-treated animals (214.7 6 3.2% versus 12.7 6 2.7%, P , 0.01 for the 1 h and 219.8 6 2.9% versus 21.2 6 2.1%, P , 0.001 for the 2 h). There was no significant difference in plasma Lp(a) levels between the DMPC-and PBS-treated animals at the 4 or 8 h time point. To evaluate the effect of the DMPC on plasma lipoproteins in the treated mice, plasma samples from the various time points were subjected to agarose gel electrophoresis. This showed a transient reduction in LDL mobility at the 1 h time point returning to normal mobility by 2 h (Fig. 6B) . A similar mobility shift was also seen in the HDL of the DMPC-treated animals. In contrast, the electrophoretic mobility of plasma lipoproteins in PBS-treated animals remained unchanged.
DISCUSSION
Elevated levels of Lp(a) are an independent risk factor for developing heart disease (2-4); however, there is currently no safe and effective therapy available for lowering Lp(a) (32) . As Lp(a) levels are mainly determined by the rate of synthesis, factors affecting assembly are of interest. Lp(a) assembly involves interactions between weak lysine binding sites in apo(a) (9, 10) and apoB-100 lysine residues on the LDL surface (11, 12) and the formation of a disulfide bond between apo(a)Cys4057 (7, 13) and apoBCys4326 (14, 15) . Factors affecting the presentation of these sequences could potentially alter the efficiency of Lp(a) formation in vivo. ApoB is of particular interest because it is known to change conformation with changing lipid composition of the associated lipoprotein (17, 20, 31) . The effects of changes in apoB conformation on Lp(a) assembly has not been well analyzed. In this study, we investigated the effect of phospholipid addition to LDL on Lp(a) assembly. We hypothesized that the addition of phospholipid content to LDL would alter the conformation of apoB and reduce the ability of the LDL to form Lp(a). Fig. 2 . CD spectra of DMPC-treated LDL. The CD spectra of the LDL1 (A) and LDL2 (B) samples with and without DMPC were recorded at 37°C on an Olis™ DSM 10 spectrophotometer using a 1 mm path length quartz cuvette. The LDL samples were analyzed in 10 mM sodium phosphate buffer, pH 7.4, at a protein concentration of 30 mg/ml. The ellipticities were recorded over the wavelengths 190-260 nm, with a step size of 1 nm. The mean residue ellipticity ([u] ) is plotted as a function of wavelength. The spectra of each sample were obtained by signal averaging of four separate scans with baseline corrected. The percentage of a-helix in apoB-100 was calculated from the mean residue ellipticity at 222 nm using a mean residue weight of 113. Fig. 3 . Immunoreactivity of DMPC-treated LDL to apoB MAbs. Increasing concentrations of human LDL were incubated with DMPC (1 mM) at 37°C for 2 h. A to E: The immunoreactivity of DMPC-treated LDL to human apoB monoclonal antibodies 1D1, MB47, 605, Bsol7, and 4H11 was monitored by an apoB-specific ELISA in triplicate. F: The immunoreactivity of DMPC-treated LDL with each monoclonal antibody was compared with control LDL at 275 mg/ml of LDL (*P , 0.01, **P , 0.001, and ***P , 0.0001, compared with control LDL).
To alter the surface phospholipid content of LDL, we incubated LDL with DMPC vesicles. DMPC was chosen because it is a well-studied phospholipid with no net charge known to interact with apolipoproteins above its phase transition temperature (24°C) (33, 34) . Addition of DMPC to isolated LDL increased the size of the particle and reduced its electrophoretic mobility (Fig. 1) . While the reduced electrophoretic mobility may in part be due to an increase in LDL size, it is apparent that there is a reduction in the net negative charge of the particle. The lower net negative charge on LDL is likely due to changes in the microenvironment of lysine residues on the apoB surface. Previous studies of LDL subclasses have shown that changes in surface charges are accompanied by changes in apoB conformation that alter the ionization state and location of lysine residues (35) . This is of particular interest for Lp(a) assembly since the initial step in Lp(a) assembly involves the binding of apoB lysine residues to apo(a) lysine binding sites (11, 12) and alteration in lysine location on the surface of apoB may alter Lp(a) formation.
It has been predicted that as LDL size decreases, the total surface area of lipid associated amphipathic a-helices in apoB increases (36) . Conversely, one would expect an increase in LDL size on addition of DMPC to decrease the content of lipid associated apoB amphipathic a-helices. Indeed, CD spectroscopy analysis of LDL (Fig. 2) showed a significant decrease in the a-helical content of apoB after DMPC treatment. This decrease in a-helical content could induce conformational changes in apoB that alter the exposure of sequences required for Lp(a) assembly. A conformational change in apoB with the addition of DMPC was detected with immunoreactivity studies (Fig. 3) that showed an increase in reactivity to three monoclonal antibodies containing epitopes within the apoB C-terminal region. The increased immunoreactivity was particularly noticeable with the 4H11 antibody that binds an epitope between 4342 and 4536 (17) . This region lies in the a3 domain of the pentapartite model of apoB100 proposed by Segrest et al. (36) . It contains multiple repeats of amphipathic a-helices that have reversible lipid affinity and is Increasing concentrations of the DMPC vesicles were added to incubations containing 1 ml human apo(a) and 275 mg/ml protein of isolated human LDL at 37°C for 3 h. A: The amount of Lp(a) formed in each incubation was assessed by the separation of the incubation mix on 4% nonreducing SDS-PAGE gels and Western blotting with the MAb-a-5-hp antibody. B: The amount of Lp(a) formed in each incubation was measured in an Lp(a) ELISA. Each incubation was measured in triplicate and the average value expressed as a percentage of Lp(a) formed compared with incubations containing no DMPC. All values are expressed as mean 6 SEM from three independent experiments (*P , 0.01, **P , 0.001, and ***P , 0.0001, compared with incubations containing no DMPC). thought to represent a flexible domain that alters with changes in lipid composition. It is of interest that conformational changes in apoB on addition of phospholipids occur in this region because an a-helical lysine-rich sequence (apoB amino acids 4372-4392) implicated in the noncovalent binding to apo(a) (12, 25) is located within this domain. Conformational changes in this region would be expected to alter the exposure of these sequences and interfere with Lp(a) assembly.
Having gained data to support conformational changes in apoB following the addition of phospholipids, we then tested the ability of DMPC-treated LDL to form Lp(a). Treatment of isolated LDL with increasing amounts of DMPC impaired the ability of the LDL to form Lp(a) in vitro. A similar result was seen in Lp(a) assembly assays performed with DMPC-treated plasma. Interestingly, DMPC showed an IC 50 of 500 mM in these assays, which is well below that of lysine analogs that are routinely used as Lp(a) assembly inhibitors in vitro (37) and have been tested in vivo (38) . These results suggest that the changes in apoB conformation elicited by the addition of DMPC do alter the ability of the LDL to form Lp(a) presumably by altering the conformation of the apoB sequences that are required for efficient Lp(a) formation. Exactly which of the two steps of Lp(a) assembly is most affected by these conformational changes is not clear. Future experiments to determine the accessibility of apoB lysines and the Cys4326 residue to labeling after DMPC treatment might be useful to identify the exact regions of altered conformation and the step in Lp(a) assembly most likely to be affected.
Based on our in vitro Lp(a) assembly results, we tested the effect of intravenous administration of DMPC to Lp(a) transgenic mice to investigate whether DMPC could reduce Lp(a) assembly in vivo. A significant reduction in Lp(a) levels was evident at 1 and 2 h (17.4 and 18.6%, respectively) after administration of a single dose of DMPC. This level of reduction in Lp(a) levels suggests a robust response given that the association of LDL with DMPC in plasma would only affect Lp(a) that is being newly assembled in circulation and not that already formed. As the half-life of Lp(a) is known to be around 4-6 h, our result would suggest that virtually no Lp(a) formation occurred for the 2 h following DMPC injection. It is also possible that the DMPC treatment might enhance the clearance of Lp(a) contributing to the transient reduction; however, kinetic studies would be required to investigate this further. The Lp(a)-lowering effect coincided with a reduction in LDL mobility at the 1 h time point indicative that conformational changes in apoB are most likely responsible for the reduction in Lp(a) levels. Furthermore, these conformational changes are short lived with the LDL returning to normal mobility by 2 h, and this coincides with the subsequent return of Lp(a) levels to normal by 4 h. The short-term effect of DMPC is probably due to its relatively short half-life in plasma (39) . Our results suggest that DMPC only transiently associates with LDL before being rapidly metabolized. A longer-term multiple dose study with DMPC may be warranted since a more constant level of DMPC would maintain conformational changes and allow for a bigger effect on Lp(a) levels. Ideally, the DMPC vesicles should be modified to increase their half-life and enhance their interaction with LDL over HDL. Incorporation of cholesterol into the DMPC vesicles may help achieve these aims (39, 40) .
In conclusion, our study shows that changes in apoB conformation on the LDL surface, particularly in the C-terminal region, alter its ability to form Lp(a). The phospholipid DMPC effectively induces changes in apoB conformation that inhibit Lp(a) assembly both in vitro and in vivo. Further investigation of DMPC as a potential Lp(a)-lowering agent may be warranted.
The authors thank Prof. Ross Milne for supplying the 1D1, 4H11, 605, and Bsol7 apoB monoclonal antibodies; Prof. Santica Marcovina for supplying the MAb a-6 and MAb a-5 apo(a) monoclonal antibodies; Prof. Stephen Young for supplying the MB47 apoB monoclonal antibody and human apoB100 transgenic mice; and Prof. Robert Hammer for the human apo(a) transgenic mice. Fig. 6 . Effect of DMPC vesicles on plasma Lp(a) levels and electrophoretic mobility of LDL in Lp(a) transgenic mouse plasma. A: DMPC vesicles in PBS were administered to six Lp(a) transgenic mice via tail vein injection and 50 ml blood was obtained at various time points up to 8 h. Six control mice were injected with PBS only. Plasma Lp(a) was measured in triplicate by an Lp(a) ELISA. Data were normalized by expressing values as percentage change of Lp(a) levels from time zero after injection. Each point represents the mean 6 SEM from each group (*P , 0.01 and *P , 0.001, compared with PBS). B: Plasma samples from the DMPC-treated mice at the various time points were subjected to separation with the Helena TITAN™ lipoprotein electrophoresis system and stained with Fat Red 7B. A representative gel is presented.
